Loss of Buffer Value Due To Aquifer Depletion: The Case of High Plains Aquifer by Rad, Mani Rouhi et al.
University of Nebraska - Lincoln 
DigitalCommons@University of Nebraska - Lincoln 
Daugherty Water for Food Global Institute: 
Faculty Publications Daugherty Water for Food Global Institute 
8-2017 
Loss of Buffer Value Due To Aquifer Depletion: The Case of High 
Plains Aquifer 
Mani Rouhi Rad 
Timothy Foster 
Nicholas Brozovic 
Follow this and additional works at: https://digitalcommons.unl.edu/wffdocs 
 Part of the Environmental Health and Protection Commons, Environmental Monitoring Commons, 
Hydraulic Engineering Commons, Hydrology Commons, Natural Resource Economics Commons, Natural 
Resources and Conservation Commons, Natural Resources Management and Policy Commons, 
Sustainability Commons, and the Water Resource Management Commons 
This Article is brought to you for free and open access by the Daugherty Water for Food Global Institute at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Daugherty Water for Food 
Global Institute: Faculty Publications by an authorized administrator of DigitalCommons@University of Nebraska - 
Lincoln. 
Loss of Buffer Value Due To Aquifer
Depletion: The Case of High Plains Aquifer
Mani Rouhi Rad, Yale School of Forestry and Environmental Studies, mani.rouhirad@yale.edu
Timothy Foster, School of Mechanical, Aerospace and Civil Engineering, The University of
Manchester, timothy.foster@manchester.ac.uk
Nicholas Brozovic´, Robert B. Daugherty Water for Food Institute, University of Nebraska,
Lincoln, nbrozovic@nebraska.edu
Selected Paper prepared for presentation at the 2017 Agricultural & Applied
Economics Association Annual Meeting, Chicago, Illinois, July 30-August 1.
Copyright 2017 by Mani Rouhi-Rad, Timothy Foster and Nicholas Brozovic´. All rights
reserved. Readers may make verbatim copies of this document for non-commercial purposes
by any means, provided this copyright notice appears on all such copies.
1 Introduction
Existing literature in economics and engineering do not realistically capture the effects of1
aquifer depletion on loss of profits from agricultural production. While the former literature2
ignores the physical characteristics of aquifer and the relationship between aquifer levels and3
groundwater availability, the latter strand of literature does not consider farmers’ decision-4
making as a result of aquifer depletion. Misspecification of these relationships and their effect5
on irrigation decisions can result in misunderstanding the consequences of aquifer depletion6
and may provide ineffective policies. This paper provides a framework to study the effects7
of aquifer depletion on the profit of agricultural production. We apply the framework to8
the case study of the northern portion of the High Plains Aquifer which includes parts of9
Nebraska and Kansas to estimate the loss of profits between 1980 and 2009 as a result of10
aquifer depletion.11
Groundwater has been a major factor in increasing agricultural production over the past12
decades. Increasing extraction rates that exceed natural recharge rates have resulted in13
significant declines in aquifer levels raising concerns about vulnerability of agricultural pro-14
duction to dry weather conditions and droughts. While there is recent evidence on the15
increasing risks of agricultural production in the past few years, existing studies have ex-16
plained it as a result of changes in management practices such as increasing density of planted17
crops (Lobell et al., 2014), and an increase in the number of irrigated acres and switching to18
water intensive crops (Hornbeck and Keskin, 2014). These studies, however, do not consider19
the role of aquifer depletion in increasing variation in crop yields. This is specially important20
because under most existing explanations about the role of aquifers, existence of an aquifer21
is sufficient for buffering against dry weather conditions. Recent studies, however, show that22
instantaneous groundwater availability during the growing season matters for farmers’ irri-23
gation decisions (Foster et al., 2014) and for their ability to buffer against drought (Foster24
et al., 2015).25
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Many of the existing economic studies consider increases in costs of pumping as the channel26
through which changes in aquifer levels affect irrigation profits (Gisser and Sanchez, 1980;27
Provencher and Burt, 1994; Knapp and Olson, 1995). Others consider the case of catastrophic28
events, such as saltwater intrusion as another cost to aquifer depletion. These studies mainly29
focus on optimal management of groundwater aquifers under event uncertainty (Tsur and30
Zemel, 1995, 2004). In this paper, we explain another channel, namely loss of buffer value,31
as a channel through which aquifer depletion can affect irrigated agriculture.32
There has been several economic papers, by Yacov Tsur and his colleagues, that studied33
the buffer value of aquifers (Tsur, 1990; Tsur and Graham-Tomasi, 1991; Gemma and Tsur,34
2007) under static and dynamic settings. In these studies, Tsur and his colleagues find a35
positive buffer value for groundwater. However, they consider changes in depth to water36
as the only mechanism through which aquifer depletion affects irrigation decisions. They37
implicitly assume that at any saturated thickness water is available in unlimited quantities38
which suggests that a farmer can buffer against dry weather conditions as long as the marginal39
cost of pumping is not too high. As a result of their assumption, production risk translates40
into cost of pumping meaning that aquifer depletion results only in higher pumping costs to41
buffer against dry weather conditions.42
In this paper, we introduce an analytical framework to study the effects of changes in aquifer43
levels on changes in buffer value of an aquifer considering 1) the nonlinearities between44
aquifer levels and instantaneous supply of groundwater to a farmer; and 2) the intra-seasonal45
nature of irrigation decisions based on the instantaneous supply of groundwater. Most46
current economics studies, summarize changes in aquifer levels in the cost of pumping. There47
is a strong consensus within water resource economics literature that, at current prices,48
pumping cost has little effect on irrigation decisions. While changes in aquifer levels result49
in linearly increasing pumping costs, they can have a more significant effect through affecting50
instantaneous groundwater supply to irrigation wells. Our model captures decisions through51
effects of instantaneous supply of groundwater on the ability of a farmer to buffer against52
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intra-seasonal variations of weather.53
We apply the methodology to estimate the loss of buffer value within a portion of the High54
Plains Aquifer consisting of 3 counties in Nebraska and 2 counties in Kansas between 198055
and 2009.56
The High Plains Aquifer is one of the major aquifers in the United States, underlying portions57
of eight states. The aquifer is an important source of water supply for agricultural production,58
accounting for more than 30% of groundwater withdrawals from aquifers in the US. It is also59
an important source for agricultural-dependent economic activities for the region. Recent60
studies have shown a significant decline in groundwater levels in portions of the aquifer from61
pre-development levels (McGuire, 2014). Since these declines in aquifer levels could result62
in changes in the capacity at which farmers can extract groundwater (Hecox et al., 2002),63
they could have significant implications for agricultural production risk.64
The importance of the High Plains Aquifer and rapid rates of depletion have attracted much65
attention from policy makers and the scientific community about the consequences of the66
existing extraction rates. Several recent studies have analyzed changes in levels and storage of67
the High Plains Aquifer mainly focusing on the the lifespan of the aquifer based on existing68
extraction rates (Steward et al., 2013; Scanlon et al., 2012; Tidwell et al., 2016). These69
studies suggest that changes in the storage of the High Plains Aquifer are very localized and70
are heterogenous. However, these studies do not explicitly take into account the effects of71
aquifer depletion on irrigation decisions and profits, and while they mention that aquifer72
depletion has resulted in lower well capacities, they do not take these changes into account.73
Thus, existing studies provide limited insights into the benefits of aquifer management.74
In this paper, we study the loss of buffer value due to aquifer depletion in Chase, Dundy, and75
Perkins counties in Nebraska, and Cheyenne and Sherman counties in Kansas. We find that76
there is significant variability in the effects of aquifer depletion on the buffer value of the77
aquifer within the study area. While most of the study area has experienced losses estimated78
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at less than $30 per acre between 1980 and 2009, some parts have experienced losses of up79
to $100 per acre. Furthermore, we find that the effect is more significant in the southern80
part of Nebraska and the Kansas portion of the study area. Finally, we find that initial81
saturated thickness, as well as aquifer depletion are important determinants of the loss of82
buffer value.83
Methodology84
Engineering studies suggest that as aquifer levels decline, the instantaneous supply of ground-85
water from an aquifer decreases (Theis, 1935). The decrease in instantaneous groundwater86
supply is nonlinear such that for high saturated thickness levels, changes in aquifer level87
result in small changes in the instantaneous supply of groundwater. However, at lower satu-88
rated thickness levels, similar changes in aquifer level can result in much larger reductions in89
the instantaneous supply of groundwater from an aquifer. Agronomic studies, on the other90
hand, suggest that the instantaneous supply of water during the growing season is critical91
for crop growth (Rogers et al., 2015; Schneekloth et al., 2009; Martin et al., 1984; O’brien92
et al., 2001; Lamm, 2004; Lamm et al., 2007). Together these literatures suggest that there93
may be consequences to aquifer depletion beyond an increase in pumping cost that have94
been ignored within the economics literature and in policy making.95
Here, we develope a production function, G(X
A
)(M)Φ(u, µ, σ), that captures both the inter-96
seasonal and the intra-seasonal nature of irrigation demand and decisions. The inter-seasonal97
part of the production function, Φ(u, µ, σ), explains the effect of instantaneous groundwater98
application on crop yield under current climatic conditions taking into account crop, soil and99
technology characteristics. This function is a cumulative distribution function and provides100
a solution to the intra-seasonal decisions of a farmer under stochastic conditions when there101
are no limitations on instantaneous groundwater supply.102
The inter-seasonal part of the production function, G(X
A
), takes into account the effect of well103
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capacity, X, on crop yield through maximum instantaneous application rate, (X
A
), where A is104
the number of irrigated acres. The maximum instantaneous application rate is the maximum105
amount that can be applied to an acre instantaneously. In practice, this ratio is a proxy106
for how well an irrigation system can keep up with soil moisture deficits during the growing107
season. The ratio is also a practical value that is used in many design and irrigation guidelines108
which makes it a relevant factor within an irrigation decision framework. The G function109
suggests that a farmer’s ability to keep up with soil moisture demand for crop growth during110
the growing season depends on maximum application rate per acre which itself depends on111
instantaneous amount that can be extracted from the aquifer and the number of irrigated112
acres. Since this function captures the effect of allocated irrigated acres in crop yield, it113
captures the inter-seasonal nature of irrigation decisions. G is increasing and concave in (X
A
)114
suggesting that keeping the number of irrigated acres fixed, as the amount of groundwater115
that can be extracted from the aquifer, X, decreases, a farmer’s ability to meet crop water116
demand during the critical stages of the growing season decreases at an increasing rate.117
We showed that this production function in a framework of a profit-maximizing farmer to118
determine the share of irrigated acres, extensive margin, groundwater application per acre,119
intensive margin, and irrigated profits for a given climate. The results in the previous chapter120
showed that a decrease in well capacity could affect irrigation decisions and profit nonlinearly.121
In this paper, we build on the framework introduced and add nonlinearities in the effects122
of aquifer depletion on instantaneous supply of groundwater to study the effects of aquifer123
depletion on loss of buffer value for irrigated agriculture. In this framework, a risk-neutral124
farmer maximizes their expected profit based on groundwater availability, crop, technology125
and biophysical characteristics:126
Max
A,u
A
{
PG(
X
A
, )(M)Φ(u, µ+ , σ)− Γ(Y )u
}
subject to A ≤ 1
A, u ≥ 0
(1)
5
In equation 1, A, number of irrigated acres, and u, expected application rate per acre,127
are the decisions variables and while they are determined simultaneously in the model, the128
model captures the two-stage nature of the decisions. P is the price of the crop, X is well129
capacity, and µ and σ are parameters of the production function. Y is saturated thickness,130
and Γ(Y ) is the marginal cost of pumping groundwater. M is the maximum attainable yield.131
G(X
A
)Φ(u, µ, σ) is expected crop yield per acre.132
Instantaneous supply of groundwater is a function of saturated thickness, which is the satu-133
rated portion of the aquifer and is measured as the height of the groundwater level from the134
base of the aquifer, as well as physical aquifer characteristics such as specific yield, which is135
a measure of the ability of an aquifer to supply groundwater as a result of pumping. Specifi-136
cally, changes in saturated thickness affect instantaneous supply of groundwater nonlinearly137
such that dX
dY
> 0 and d
2X
dY 2
< 0. These changes directly enter into the farmer’s decision138
making and affect irrigation profit. I define the change in the buffer value of the aquifer from139
year t to year t − κ as the change in the (maximized) expected profit due to the change in140
the capacity of the aquifer to supply groundwater keeping irrigation cost, prices and climatic141
conditions fixed:142
Annual change in buffer value between t and t− κ =
(Expected profit|Pt,Γ(Y )t, t)t − (Expected profit|Pt,Γ(Y )t, t)t−κ (2)
This definition is different from that of Tsur and Graham-Tomasi (1991) and an often com-143
monly understood concept of buffer value in economics which focuses on risk aversion. In144
the definition used in this chapter, buffer value refers to the ability of a (risk-neutral) farmer145
to maximize her expected profits by meeting the intra-seasonal demand of a crop during146
the growing season based on the instantaneous supply and availability of groundwater. In147
Tsur and Graham-Tomasi (1991), changes in buffer value become translated into pumping148
6
cost. However, in the model in this chapter, changes in buffer value directly affects expected149
crop yield. This definition captures biophysical characteristics of groundwater supply and150
the intra-seasonal nature of irrigation decision making based on stochastic weather condi-151
tions. The framework does not intend to compare the difference between deterministic and152
stochastic settings; rather it intends to introduce a more intuitive definition regarding the153
effect of aquifer depletion on irrigation decisions of a farmer and their ability to “buffer”154
against the intra-seasonal variability of weather. Furthermore, while risk aversion can be155
added to this framework, it is not necessary to do so. This is because changes in aquifer156
level can also affect the intra-seasonal availability of groundwater and expected profits for a157
risk-neutral farmer. In the next section, we apply this methodology to the case of 5 counties158
in Nebraska and Kansas overlying the northern High Plains aquifer.159
2 Case Study160
2.1 Background161
The High Plains Aquifer, sometimes called the Ogallala Aquifer, is one of the largest aquifers162
in the world, underlying portions of eight states including South Dakota, Wyoming, Ne-163
braska, Colorado, Kansas, Oklahoma, New Mexico and Texas. Among these states, Ne-164
braska, Kansas and Texas overlie the largest area compared to others.165
After the Dust Bowl of the 1930s and World War II, the introduction of pumps and center166
pivot irrigation technologies has significantly increased the share of irrigated agriculture and167
has changed the economy of the region. Since then the aquifer has been a major support168
for the agricultural economy of the states overlying the High Plains aquifer, making them169
the breadbasket of America. Irrigation within the region further intensified during 1980s.170
Currently, the aquifer provides more than 30% of groundwater withdrawals from aquifers in171
the US (Tidwell et al., 2016).172
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The intensification of irrigated agriculture, however, resulted in a significant decline in173
groundwater levels from pre-development levels in portions of the aquifer (McGuire, 2014).174
Since these declines in aquifer levels could result in declines in the capacity at which farm-175
ers can extract groundwater (Hecox et al., 2002), they could have significant implications176
for agricultural production risk. Such effects could specially be important under climatic177
changes (Foster et al., 2015). While the number of irrigated acres and average irrigated178
and non-irrigated crop yields have all increased over time, so has the variance of crop yield,179
despite advances in crop and irrigation technology. As a result farmers have engaged in180
adaptive behaviors such as reducing irrigated acres to lower production risk (Steward et al.,181
2013). These findings raise questions about the impact of depletion of the High Plains aquifer182
on agricultural production risk, food security and local economies of the region.183
A notable point about the High Plains Aquifer is that there is significant heterogeneity184
within the aquifer both in terms of aquifer characteristics, rainfall and recharge rate (Scanlon185
et al., 2012; Peterson et al., 2003). This heterogeneity has resulted in different demand for186
groundwater across the regions of the aquifer, and has resulted in different changes in aquifer187
levels and heterogenous effects on irrigated agriculture. Ignoring this heterogeneity within188
the High Plains Aquifer can result in biased estimates of the effects of aquifer depletion on189
irrigated agriculture.190
The northern part of the High Plains Aquifer includes South Dakota, Nebraska, Wyoming,191
Colorado, and Kansas. In this paper, we we focus on loss of buffer value in the parts of192
the aquifer that overlie 3 counties in Nebraska, namely Chase, Dundy and Perkins, and 2193
counties in Kansas, namely Cheyenne and Sherman. These counties are located in southwest194
Nebraska and Northwest Kansas (figure 1). While this part of the aquifer has experienced195
moderate declines in aquifer levels compared to the southern part of the High Plains aquifer,196
it is important to study loss of buffer value in this are because the 3 counties in Nebraska197
are among the counties that have experienced the most significant changes in aquifer levels198
since predevelopment compared to other counties in Nebraska. Furthermore, comparing the199
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loss of buffer value across Nebraska and Kansas can provide some insight into differential200
changes in buffer values of the aquifer across states.201
2.2 Data202
Well level data for irrigation wells are obtained from two different sources. To obtain well203
level data for Nebraska, we used Nebraska well database from the Nebraska Department204
of Natural Resources1. I collected well level data for the state of Kansas from the water205
well completion records (WWC5) database of the Kansas Geological Survey2. Both of the206
datasets include well depth, depth to water and pump rate estimates from pumping tests207
carried out by the drilling companies and reported in the “drillers log”. Each individual208
needs to submit results of their pumping test when they register their wells to the respective209
agency in their state.210
To estimate saturated thickness of the aquifer in 1980 and 2009, we used the results of the211
study by McGuire et al. (2012). They provide raster maps of saturated thickness for the212
entire High Plains aquifer for 2009 and raster maps of changes in aquifer level from 2005213
to 2009, from 2000 to to 2005, from 1995 to 2000, and from 1980 to 1995. we combined214
all these maps to attain saturated thickness in 1980. I further use groundwater level data215
from the High Plains Aquifer Water-Level Monitoring Study of the US Geological Survey3.216
This dataset includes time series of static water levels at monitoring well stations across217
the High Plains Aquifer. The observations are collected after the growing season when the218
groundwater levels are stabilized. This dataset is used to estimate total depth of the aquifer219
and saturated thickness at different years.220
McGuire et al. (2012) also provide a map of specific yield for the northern High Plains221
Aquifer. we use the data in this map to help determine the effect of saturated thickness on222
1http://dnr.nebraska.gov/groundwater-data
2http://www.kgs.ku.edu/Magellan/WaterWell/
3http://ne.water.usgs.gov/ogw/hpwlms/data.html
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capacity of irrigation wells. Finally, we use county level data on agricultural production from223
the National Agricultural Statistics Survey of the US Department of Agriculture4 in order224
to calibrate the production function for each county. This dataset includes an estimated225
irrigated yield for each county in each year. The calibration method is explained in the next226
section.227
2.3 Effect of Changes in Saturated Thickness on Well Capac-228
ity229
In order to estimate changes in buffer value between 1980 and 2009, the effect of changes in230
saturated thickness on well capacity is first estimated. This way, we can explicitly account for231
changes in well capacity as a result of aquifer depletion over time. To find this relationship,232
we take advantage of the well level data for irrigation wells at the time the wells were233
constructed. Individuals are required to submit the results of their well tests at the time of234
registration. The information submitted includes depth to water table and pump rate of the235
well. Since this information is submitted at the time of construction, it is exogenous to the236
farmer’s decisions and only reflects the relationship between aquifer characteristics. Since237
this is a physical relationship and should not depend on a specific location, we use well level238
records between 1995 and 2016 in Nebraska and Kansas to estimate the relationship.239
We are interested in the relationship between well capacity and saturated thickness. The data240
submitted by individuals, however, does not include saturated thickness and only includes241
depth to water table. Thus saturated thickness for each irrigation well is estimated through242
several steps. First, using saturated thickness data available for 2009 and depth to water243
reported for USGS monitoring wells, we estimate the depth of base of the aquifer from the244
land surface using the following simple formula:245
4https://quickstats.nass.usda.gov/
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depth of bedrock from surface = depth to water table + saturated thickness. (3)
This relationship provides us with depth to bedrock at the location of every monitoring well.246
Next, by matching each irrigation well with the closest monitoring well, total depth for each247
irrigation well is estimated. Here, the assumption is that depth of bedrock is the same for248
the irrigation well1. Finally, saturated thickness is estimated by subtracting depth to water249
table for irrigation wells from their total depth.250
The relationship between saturated thickness and well capacity also depends on physical251
aquifer characteristics such as specific yield. Specific yield is a measure of how much water252
can be extracted from an aquifer with a unit decline in water table. Thus, we also use253
specific yield as an independent variable for determining the relationship between pump rate254
and saturated thickness for each irrigation well. Furthermore, changes in well construction255
technology and pumping test methods and technology over time can affect the relationship256
between saturated thickness and well capacity. To control for these changes over time, we257
use time dummies in the regression. Finally, it is important to notice that the relationship258
between well capacity and saturated thickness is nonlinear as shown by Hecox et al. (2002).259
In order to capture this nonlinear relationship, we use the log-form of saturated thickness260
in the regression. The log form can capture that changes in saturated thickness can have261
differential effects on well capacity depending on the aquifer level.262
The results of the regression are presented in table 2. As we can see, the relationship263
between saturated thickness and well capacity is nonlinear, such that a one percent decrease264
in saturated thickness results in a reduction of about 75 gallons per minute in well capacity.265
Furthermore, the coefficient on specific yield follows our expectations so that with higher266
specific yields, well capacity is higher.267
1We drop irrigation wells that do not have a monitoring well within a12 mile radius.
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2.4 Changes in Buffer Value268
Figure 2 shows saturated thicknesses of the aquifer for the study area in 1980, 2009 and269
the change in saturated thickness between these two years. Declines in aquifer levels are270
between 0 and 40 feet. Most of the changes in aquifer levels have taken place in portions of271
the aquifer with higher saturated thickness where we might expect smaller reductions in the272
buffer value of aquifer.273
Using the regression results presented in Table 2, well capacity for saturated thickness at274
the levels of 1980 and 2009 for each point (pixel) in the 5 counties of the case study is275
predicted1. Figure 3 shows the changes in well capacity as a result of changes in saturated276
thickness between 1980 and 2009. As we can see, most of the study area has experienced277
declines in well capacity in the region of 110 to 130 gallons per minute, while some regions278
within the study area have experienced larger declines.279
In order to estimate the changes in buffer value, the production function was calibrated280
for each county by adjusting M in equation 1. To do this, we developed a ratio for each281
county based on maximum crop yield reported in the NASS dataset between 1980 and282
2015, compared to that of Chase County. Table 1 shows the distribution of the ratio across283
counties. Maximum attainable crop yield for each county was then estimated by multiplying284
this ratio by 219 bushels per acre, which is the maximum attainable crop yield in Chase285
County in Nebraska. Since study counties are along the same latitude, it is assumed that286
evapotranspiration rates and thus demand for water is the same within the study area.287
Furthermore, as we can see from Table 1, the maximum attainable yields are very close, which288
can suggest similar production conditions and characteristics among the counties.289
Furthermore, well capacities provided as a result of pumping test do not estimate actual290
pumping capacities during the growing season. This is because the duration of pumping291
tests is much smaller than actual pumping during the growing season. Thus, well capacities292
1There is a total of 55,000 pixels on the map.
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were adjusted using the method provided by Koester (2004) to reflect the actual pumping293
rates during the growing season rather than initially reported well capacity from the pumping294
test.295
Finally, maximum expected profits were estimated for each point of the study area using296
calibrated production functions (equation 1), predicted well capacities, weather distribution297
and corn prices of $4.15 for 1980 and 2009 keeping everything other than well capacity fixed.298
A hypothetical 130-acre parcel, which is the area of a quarter-section center pivot system,299
is assumed at each point to estimate the expected profit for each year. we then subtract300
maximum expected profits of 1980 from those of 2009 and divide the value by 130 to estimate301
the loss of buffer value per acre and per year for each point in the study area.302
3 Results303
The results are provided in Figure 4 as the annual change in the expected profits per acre304
for a 130-acre farm in 2009 dollars. These changes are only due to changes in instantaneous305
groundwater availability keeping the distribution of weather, prices and depth to water fixed306
for 1980 and 2009 scenarios. This way, we can compare the conditions of 2009 to the307
counterfactual world where well capacities were maintained at the levels of 1980.308
The results show that the Nebraska portion of the study area has experienced moderate309
changes in buffer value per acre, while the two counties in Kansas have experienced larger310
decreases in their buffer value. The average annual change in buffer value of the Nebraska311
portion of the study area has been $25 per acre. The highest decrease in buffer value is312
estimated to be $57 per acre. While average annual decline in the Kansas portion of the313
aquifer is estimated to be around $31 per acre, some portions of Sherman County have314
experienced losses of up to $100 per acre. To put these estimates in perspective, assuming315
a corn production of 170 bushels per acre, revenue from an acre of corn is estimated to be316
$680 per acre. Furthermore, Table 3 provides the estimated annual loss of buffer value for317
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each county along with the rental value of irrigated land. We can see that Chase County has318
experienced a 15% reduction in buffer value per acre, while Cheyenne County has experienced319
a 30% reduction in buffer value per acre due to aquifer depletion. The total annual loss of320
buffer value for the study area as a result of aquifer depletion between 1980 and 2009 is321
estimated to be around $10.6 million in 2009 if the aquifer levels were maintained at the322
levels of 1980.323
In order to understand the importance of these results, we can compare them to the effects of324
changes in the cost of pumping on irrigation profit per acre. Based on the assumptions of 50325
feet of irrigation depth, 40 psi pressure at the pump, using a center pivot system, and a price326
of $1.66 per gallon of diesel, the cost of applying an acre-inch of groundwater is estimated327
to be $2.17. Maximum changes in aquifer levels for the study area are found to be 40 feet328
(Figure 2). With the same assumptions, the cost of applying an acre-inch of groundwater329
at the depth of 90 feet is estimated to be $2.77. Assuming that changes in the cost of330
pumping does not significantly affect irrigation decisions, the increase in cost of applying331
16 inches of groundwater per acre is $9.6. This estimate is the effect of changes in aquifer332
levels on expected profit through their effect on pumping cost. Compared to the range of333
changes in expected profit due to changes in instantaneous supply of groundwater ($20 to334
$100), this value shows a much smaller effect as a result of aquifer depletion. The effect from335
increase in pumping cost is 50% smaller than those from decrease in instantaneous supply336
of groundwater when aquifer levels are high. At lower aquifer levels, the effect is an order337
of magnitude lower. This finding specifically highlights the importance of considering the338
changes in instantaneous supply of groundwater at lower saturated thicknesses.339
When studying changes in buffer value, it is important to consider that declines in well340
capacity can result from aquifer depletion, or low initial saturated thickness levels. The latter341
is especially important due to the nonlinear nature of the relationship between saturated342
thickness and well capacity such that at lower saturated thicknesses, a one foot change343
in saturated thickness can result in a much larger effect in well capacity than at higher344
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saturated thicknesses. Furthermore, it is important to notice that profit will significantly345
decrease for an expected profit-maximizing farmer as a result of a one unit decline in well346
capacity when well capacity is low. Comparing Figures 2 and 4 we can see this point. These347
figures show that the most significant changes have taken place at the border of Nebraska348
and Kansas where there has not been significant reduction in aquifer levels and the decline in349
buffer value of the aquifer is a result of lower initial saturated thickness levels. Lower initial350
saturated thickness could be the result of aquifer depletion pre-1980, or of less availability of351
groundwater in the region due to local physical aquifer characteristics. We can also see from352
Figures 2 and 4 that in the southwestern part of the study area, the reduction in buffer value353
of the aquifer has resulted from both low saturated thickness levels and significant aquifer354
depletion.355
Scanlon et al. (2012) show that changes in aquifer storage is very localized within the High356
Plains Aquifer. We further show that changes in buffer value of the aquifer are also very357
localized so that we observe significant differences in change of buffer value even within a358
county. The results of this study, however, show a stark contrast to studies that merely359
focus on changes in aquifer levels such as Scanlon et al. (2012). This difference is due to the360
fact that changes in buffer value of the aquifer are a function of initial saturated thickness361
and changes in saturated thickness over time. We show that changes in well capacity are362
not a linear function of saturated thickness. Also, well capacity changes differently with363
different underlying aquifer characteristics (in this case, specific yield) as saturated thickness364
changes. Furthermore, there is more to production risk than changes in well capacity. The365
same amount of reduction in well capacity in two different counties may result in different366
changes in production risk due to differences in production function. we have captured the367
effects of differences in county characteristics on production in a production function that is368
calibrated to long run crop yields in each county. Considering all these factors, we find that369
changes in buffer value need not necessarily align well with changes in aquifer levels.370
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4 Discussion371
When studying the effects of aquifer depletion and the role of aquifer management, it is372
critical to understand the type of services and functions an aquifer provides. These services373
depend on the nature of the activity, how income depends on the aquifer, and how it is374
affected by changes in aquifer levels. Most existing studies have focused on the seasonal375
benefits of aquifers for irrigated agriculture (Gisser and Sanchez, 1980; Provencher and Burt,376
1994; Knapp and Olson, 1995), or the lifespan of the aquifer (Scanlon et al., 2012; Steward377
et al., 2013) assuming that existence of the aquifer is enough for providing protection against378
changes in weather conditions. These studies ignore the stylized facts regarding the effects379
of aquifer depletion on the capacity of the aquifer to provide instantaneous groundwater380
supply to buffer against dry weather conditions during the critical stages of the season,381
and thus may provide results that are of little relevance to policy. Since one of the main382
roles of a groundwater aquifer is to provide a reliable source of supply to supplement scarce383
precipitation during a growing season and to insure against dry weather conditions, it is384
important to understand the effect of aquifer depletion on production risk for irrigated385
agriculture.386
This chapter contributes to the existing literature in understanding the effects of declining387
aquifer levels on irrigated agriculture. Our results suggest that focusing on changes in satu-388
rated thickness does not provide the full picture. We need to take into account the channels389
through which aquifer depletion affects irrigated agriculture both for understanding the ef-390
fects of previous aquifer depletion and effects future extraction rates. Taking production391
risk into account can be specifically important for understanding the response of farmers to392
future declines in aquifer levels and for providing effective policy recommendations.393
There is a strong consensus among economists that at current prices, there is little response394
from farmers to changes in aquifer levels from increasing pumping costs. Results of this395
study suggest that focusing solely on the costs of pumping may significantly underestimate396
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the negative effects of aquifer depletion. Increasing production risk is a major effect that397
has been widely understudied by economists and deserves more attention. Furthermore, a398
widely held belief among many economists is that irrigation can offset the impacts of weather399
variations. However, the ability of the aquifer to buffer for these variations is limited and400
as aquifer levels decline, this ability may further decrease. A decline in the instantaneous401
supply of groundwater could result in significant increases in production risk.402
This study can also contribute to the literature in understand the value of natural capital403
by taking into account the channels through which individuals interact with aquifer and the404
nonlinearilities in physical characteristics. For example, in studying the value of groundwater405
as natural capital, Fenichel et al. (2016) analyze the role value lost due to aquifer depletion in406
the Kansas portion of the High Plains Aquifer. They include a dummy variable for aquifer407
levels below 29.5 feet to capture the effects of lower pump rates on water consumption.408
However, this does not capture nonlinear changes in pump rates due to changes in aquifer409
levels and may underestimate the effects.410
Results of the current study can also have significant implications for the interaction of411
aquifer depletion and climatic changes. The results suggest that declining aquifer levels can412
result in larger production risk as a result of lower ability to buffer against dry weather condi-413
tions during the critical stages of the growing season. Climate change is expected to change414
the distribution of seasonal and intra-seasonal weather variables resulting in more weather415
variation during a growing season and more frequent dry years. Under these conditions, the416
importance of groundwater aquifers is expected to increase. It is important to consider loss417
of buffer value when considering management policies (Taylor et al., 2013).418
Finally, it is important to study the loss of buffer value for the entire High Plains Aquifer. The419
study area in this chapter has experienced smaller changes in saturated thickness compared to420
areas in Texas and southwest Kansas. Furthermore, there is more variation in the underlying421
aquifer characteristics, weather conditions and production function characteristics over the422
entire aquifer. Thus, studying the entire aquifer will provide a more complete picture of423
17
the effects of aquifer depletion on buffer value of the aquifer. Future research can further424
extend the methods provided in this study to better capture the effect of aquifer depletion425
on production risk in irrigated agriculture.426
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5 Tables and Figures506
Table 1: Distribution of maximum irrigated yield across counties
Statistic N Mean St. Dev. Min Max
Ratio of maximum 5 0.995 0.017 0.97 1.01
irrigated yield
23
Table 2: Effect of saturated thickness on well capacity
Pump rate
log(saturated thickness) 74.588∗∗∗
(1.562)
Specific yield 7.011∗∗∗
(0.348)
Constant 406.783∗∗∗
(10.917)
Year dummies? Yes
Observations 43,981
R2 0.098
Adjusted R2 0.097
Residual Std. Error 303.114 (df = 43942)
F Statistic 125.890∗∗∗ (df = 38; 43942)
Note: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
24
Table 3: Loss of buffer value for the study area
Variable Chase Perkins Dundy Sherman Cheyenne
Irrigated acresa 131, 100 110, 522 64, 188 59, 412 24, 842
Total annual loss 3.28 2.73 1.93 1.82 0.83
(Million $)
Annual loss 25 24.7 30.1 30.6 33.5
per acre ($)
Irrigated land 172 137 126 124 111
rent ($)
a Irrigated acres for each county is the average between 2001 and 2009.
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Figure 1: Map of the 5 counties studied. The upper 3 counties are Perkins, Chase and Dundy
in Nebraska and bottom 2 counties are Cheyenne and Sherman in Kansas.
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Figure 2: Figure shows saturated thicknesses in 1980 (left), 2009 (middle), and change in saturated thickness from 1980 to 2009
(right) in feet.
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Figure 3: Predicted changes in well capacity in gallons per minute as a result of changes in
saturated thickness in the study area between 1980 and 2009.
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Figure 4: Loss of buffer value in the study area in dollars per acre.
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